In AKI, dying renal cells release intracellular molecules that stimulate immune cells to secrete proinflammatory cytokines, which trigger leukocyte recruitment and renal inflammation. Whether the release of histones, specifically, from dying cells contributes to the inflammation of AKI is unknown. In this study, we found that dying tubular epithelial cells released histones into the extracellular space, which directly interacted with Toll-like receptor (TLR)-2 (TLR2) and TLR4 to induce MyD88, NF-kB, and mitogen activated protein kinase signaling. Extracellular histones also had directly toxic effects on renal endothelial cells and tubular epithelial cells in vitro. In addition, direct injection of histones into the renal arteries of mice demonstrated that histones induce leukocyte recruitment, microvascular vascular leakage, renal inflammation, and structural features of AKI in a TLR2/TLR4-dependent manner. Antihistone IgG, which neutralizes the immunostimulatory effects of histones, suppressed intrarenal inflammation, neutrophil infiltration, and tubular cell necrosis and improved excretory renal function. In summary, the release of histones from dying cells aggravates AKI via both its direct toxicity to renal cells and its proinflammatory effects. Because the induction of proinflammatory cytokines in dendritic cells requires TLR2 and TLR4, these results support the concept that renal damage triggers an innate immune response, which contributes to the pathogenesis of AKI.
organ inflammation, tissue injury, and malfunction. 1 During the past decade it has become evident that the initiation of this sterile inflammatory response is largely based on the activation of Toll-like receptors (TLRs). TLRs are germline encoded pattern-recognition receptors that have important roles in innate immunity against all sorts of pathogens by recognizing various pathogen-associated molecular patterns.
In a major breakthrough in the understanding of noninfectious types of inflammation, TLRs were found to also recognize endogenous damage-associated molecular patterns (DAMPs), which have identical properties to activate innate immunity and tissue inflammation as pathogens. 3 This concept was first established by showing that necrotic cells trigger cytokine production and neutrophil recruitment via TLRs and its dominant signaling adaptor MyD88. 4, 5 Subsequent work has identified several endogenous intracellular molecules that have the potential to activate TLR signaling and cytokine secretion, such as high-mobility group protein (HMG) B1 (TLR2, TLR4, and the receptor for advanced glycation end products [RAGE] ), as well as hypomethylated CpG-DNA (TLR9). 4 In support of this concept, mice deficient for TLR2, TLR4, or MyD88 or mice treated with HMGB1-blocking antibodies are protected from postischemic intrarenal inflammation, which largely prevents tubular cell necrosis and acute renal failure. [6] [7] [8] [9] The same evidence is available for ischemia-reperfusion injuries in other organs, such as the liver, 10 the heart, 11, 12 and the brain. 13 Our work reported here is based on the assumption that additional intracellular molecules that can act as DAMPs and sense renal tissue damage to the immune system remain to be discovered. 14 Histones are a group of nuclear proteins that form heterooctamers to wind up the double-stranded DNA to form chromatin as well as chromosomes. Histones are released from dying neutrophils during bacterial infections for host defense, the so-called neutrophil extracellular traps (NETs). 15, 16 The bactericidal effect of extracellular histones also damages self tissues. 17 For example, histone release directly contributes to fatal outcomes in murine endotoxinemia by activating and killing vascular endothelial cells. 18 We therefore speculated that chromatin release from dying renal cells would shuttle histones in the extracellular space, where they act as DAMPs by activating one or more pattern recognition receptors. In addition, we speculated that this process would contribute to sterile inflammation during postischemic kidney injury as well as to septic AKI.
Because of the essential role of histones for chromatin assembly, histone-deficient mice could not be generated to test our concept experimentally. In fact, it was necessary to neutralize histones specifically in the extracellular compartment, which became possible by using the same histone-specific IgG and control IgG that have been used by others for similar in vitro and in vivo studies. 18 Here we report that dying tubular epithelial cells release histones into the extracellular space, thereby contributing to postischemic and septic kidney inflammation and injury. Furthermore, we report that extracellular histones directly activate and potentially kill renal endothelial and tubular cells. In addition, both TLR2 and TLR4 are required to translate histone recognition into MyD88 signaling and the secretion of proinflammatory mediators.
RESULTS
Histones Are Released from Necrotic Tubular Epithelial Cells Our concept of histones being an endogenous danger signal to activate renal inflammation is based on the assumption that dying renal cells release histones into extracellular compartments. In fact, immunoblotting for histones revealed a strong positivity for histones in cell culture supernatants of hydrogen peroxide-treated tubular epithelial cells similar to cells killed by repetitive freeze-thawing after 24 hours ( Figure 1A ).
Extracellular Histones Kill Renal Endothelial Cells and Tubular Epithelial Cells
Extracellular histones have been reported to promote fatal sepsis by directly damaging the pulmonary microvasculature. 18 To test a putative toxic role of histones on renal cells, we incubated murine renal endothelial cells or tubular epithelial cells with a total histone preparation. Endothelial and tubular cell viability was reduced in a dose-dependent manner within 24 hours, whereas agonists for TLR2, -4, and -9 had no effect ( Figure 1B ). Next we analyzed the supernatants of the endothelial cell experiments by flow cytometry for nonadherent annexin V/propidium iodine-double-positive (apoptotic) cells and annexin V-negative/ propidium iodine-positive (necrotic) cells. Histone exposure increased both types of cells in a dose-dependent manner within 24 hours ( Figure 1D ). Thus, extracellular histones negatively affect the viability of renal endothelial and tubular cells.
Extracellular Histones Increase Leukocyte Adhesion and Microvascular Permeability
We used in vivo microscopy on mouse cremaster muscles to study whether histone exposure induces leukocyte recruitment and enhances microvascular permeability. After 6 hours of local histone application, there was a significant elevation in leukocyte intravascular adherence and transendothelial migration compared with controls ( Figure 2, A-D) . Immunostaining of cremaster muscles identified 90.0%62.6% of transmigrated CD45 + cells (total leukocytes) as Ly-6G + cells (neutrophils) and the rest as F4/80 + (monocytes/macrophages). In addition, histone exposure significantly increased leakage of FITC dextran into the interstitial compartment ( Figure 2 , E and F). When histones were preincubated with activated protein C, an enzyme that digests histones ( Figure S1A ), the histonerelated effects were abrogated (Figure 2 , B, C, and E). Leukocyte recruitment and microvascular permeability significantly increase when the microvasculature is exposed to extracellular histones.
Histone Injection into the Renal Artery Induces Renal Cell Necrosis
Next we sought to study the effects of extracellular histones on the kidney. Because intravenous histone injection kills mice immediately via severe alterations of the pulmonary microvasculature, 18 we injected histones directly into the left renal artery of anesthetized mice ( Figure 3A ). Unilateral histone injection led to widespread necrosis of the renal cortex and outer medulla and massive neutrophil infiltrates after 24 hours, whereas the contralateral kidney remained unaffected ( Figure  3B ). Electron microscopy displayed that LPS injection alone had already led to dilation of peritubular capillaries and interstitial edema but that histone injection aggravated vascular dilation and induced condensation of microvascular endothelial cell chromatin, implying apoptosis ( Figure 3C ). Histone-induced renal cell necrosis was associated with an increase in renal mRNA expression of multiple proinflammatory mediators, such as IL-6, TNF-a, and inducible nitric oxide synthase ( Figure 3D ). When the histones were predigested with activated protein C (Supplemental Figure 1A ) or when the identical experiment was conducted in Tlr2/4-deficient mice, renal necrosis, neutrophil recruitment, and cytokine expression were significantly reduced compared with results seen when histone was injected into wildtype mice (Figure 3 , B and C and Supplemental Figure 1B ). This histone effect was absent without a systemic intravenous injection of a nontoxic dose of endotoxin (1.0 mg/kg body weight) 12 hours before histone injection (Supplemental Figure 2) , which was necessary to induce renal TLR2 and TLR4 expression ( Figure 3E ). Previous studies had already excluded any effect due to the injection procedure itself. 19 Thus, extracellular histones massively aggravate renal inflammation and renal cell necrosis.
Histone Neutralization Reduces Endotoxin-Induced AKI Do extracellular histones also contribute to septic AKI? To address this issue, we used a neutralizing antibody to histones that was previously used to establish the functional contribution of extracellular histones in lethal endotoxemia in mice. 18 Mice were injected with 20 mg/kg antihistone IgG or with 20 mg/kg control IgG 2 hours before the intraperitoneal injection of LPS (10 mg/kg). Antihistone IgG administration significantly reduced serum creatinine levels at 12 hours after LPS injection (Figure 4 ). This reduction was associated with a significant decrease in septic tubular injury, as assessed by semiquantitative morphometry (Figure 4 ). In addition, renal neutrophil counts were significantly reduced with histone blockade (Figure 4) . We conclude that extracellular histones contribute to AKI in murine endotoxemia.
Histone H4 Neutralization Reduces Renal IschemiaReperfusion Injury Do extracellular histones also contribute to postischemic AKI? Injection of antihistone IgG immediately after bilateral renalartery clamping prevented postischemic tubular damage 24 hours after surgery compared with treatment with control IgG ( Figure 5 ). This finding was quantified by semiquantitative scoring using a composite score of brush border loss, tubular cell flattening, tubular cell necrosis, and granular cast formation. Distal tubules were protected by antihistone IgG, as determined by staining for Tamm-Horsfall protein, whereas proximal tubular cells, identified with tetragonolobus lectin staining, were not significantly preserved ( Figure 5 ). The numbers of terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling (TUNEL)-positive renal cells were significantly reduced in antihistone-treated mice ( Figure 5 ), indicating less tubular cell apoptosis in the postischemic kidney. This improvement in structural damage was associated with significantly reduced blood urea nitrogen levels 24 hours after surgery (117625 versus 5862; P=0.02), suggesting that antihistone IgG prevented loss of renal excretory function during postischemic AKI. Extracellular chromatin has been reported to trigger tissue inflammation; 18, 20, 21 hence, we assessed the intrarenal mRNA expression of proinflammatory cytokines in both treatment groups. Antihistone IgG significantly reduced the renal mRNA levels of the tubular injury marker KIM-1, which was associated with lower mRNA levels of the proinflammatory cytokines IL-6 and IL-12, the intercellular adhesion molecule, and the neutrophil-attracting chemokine CXCL2 ( Figure 6A ). This finding was consistent with the lower numbers of neutrophils that infiltrated the renal interstitium in antihistone-treated compared with control IgG-treated mice, especially in the areas around necrotic tubuli ( Figure 6B ). Together, neutralizing histones reduce the induction of cytokines and chemokines, neutrophil recruitment, tubular injury, and renal failure in the postischemic kidney.
Histones Activate the Secretion of Proinflammatory Cytokines
Having shown that damaged tubular cells release histones and that histone neutralization reduces postischemic sterile inflammation and kidney damage, we speculated that extracellular histones directly induce the expression of proinflammatory cytokines. In fact, a total histone preparation induced the secretion of TNF and IL-6 in bone marrow-derived dendritic cells (BMDCs) ( Figure 7A ). Histones are protein complexes formed by 1 H, H2A, H2B, H3, and H4 proteins. Hence, we tested the individual proteins to induce inflammatory cytokines in BMDCs. All histone proteins induced TNF and IL-6 production ( Figure 7B ). However, there were differences in terms of induction in cytokine production with each protein. To further study the signaling mechanism, we used histone H4 as prototype. H4-induced NF-kB and mitogen activated protein (MAP) kinase activation, as shown by IkB-a degradation and p38 phosphorylation as readout for NF-kB and MAP kinase activation ( Figure 7C ). Dose-and time-dependent studies revealed that H4-induced cytokine production was most prominent at a concentration of 10 mg for IL-6 and TNF and appeared as early as 3 hours after H4 stimulation (Supplemental Figure 2 , A and B). LPS contamination did not account for this response because preincubation with polymyxin B did not affect H4-induced cytokine induction but completely blocked LPS-induced cytokine induction ( Figure 7D ). The immunostimulatory effect of H4 was also unaltered by preincubation with deoxyribonuclease or ribonuclease, excluding immunostimulatory nucleic acid contaminations ( Figure 7E ). Only H4 digestion with proteinase K ( Figure 7E ) or activated protein C (Supplemental Figure 3 ) prevented cytokine induction, indicating that the peptide content of H4 was required for its immunostimulatory effect. Supporting these results, antihistone antibodies significantly reduced H4-induced TNF and IL-6 production ( Figure 7F ). Thus, extracellular histones are potent inducers of proinflammatory cytokine secretion.
Both TLR2 and TLR4 Are Required for the Recognition of Histone-H4 Which pattern recognition receptors mediate these biologic effects of extracellular H4? We hypothesized that a TLR might be responsible for H4 recognition and signaling. All TLRs use MyD88 (myeloid differentiation primary response gene 88) as an adaptor molecule to induce signaling, except for TLR3, which signals through Toll/IL-1 receptor domain-containing adapter-inducing IFNb). 22 To test our hypothesis, we investigated H4 activation in Myd88-and Trif-deficient BMDCs. H4-induced TNF and IL-6 production completely abrogated in Myd88-deficient BMDCs ( Figure 8, A and B) . To test which MyD88-dependent TLR is responsible for H4 recognition, we exposed H4 to BMDCs from respective knockout mice. Deficiency of both TLR2 and TLR4 completely prevented the activation of TNF and IL-6 ( Figure 5 , C-E), whereas individual gene deletions of Tlr1, Tlr2, Tlr4, Tlr6, and Cd14 did not prevent cytokine production (Figure 8 , C-E). The observation that both TLR2 and TLR4 can signal for H4-induced cytokine production is similar to what has been reported for other DAMPs, such as highmobility group protein B1 9 or biglycan. 23 HMGB1 signals through RAGE, 24 but we observed H4 signaling to be RAGE-independent ( Figure 8F ). We did not investigate TLR7 and TLR9 because endosomal acidification with chloroquine significantly abrogated CpG-induced TNF production but not H4 (Supplemental Figure 4) . In addition to H4, other histone proteins also showed TLR2/TLR4 dependency (Supplemental Figures 5 and 6 ). Thus, extracellular histones trigger proinflammatory cytokines via both TLR2 and TLR4, which activates the MyD88 signaling pathway.
Histone-H4 Directly Interacts with TLR2 and TLR4
To check whether H4 physically interacts with TLR2 and TLR4, we performed microscale thermophoresis binding assay. The binding of NT-647 fluorescence-labeled H4 to recombinant (D) Total kidney mRNA levels of TNF-a, IL-6, and inducible nitric oxide synthetase (iNOS) were determined in LPS-primed and histone-injected left kidneys. Histone preincubation (before injection) with recombinant activated protein C (APC) reduced intrarenal cytokine expression. (E) Renal mRNA levels of TLR2 and TLR4 with and without LPS priming. 18s rRNA levels were used as internal control. Data represent means 6 SEM from nine mice.
human TLR2 ( Figure 9A ) and TLR4/MD2 complex ( Figure  9C ) was analyzed by microscale thermophoresis. To determine the affinity of the binding reaction, a titration series of TLR2 ( Figure 9A ) and TLR4/MD2 ( Figure 9C ) proteins were performed, while fluorescence-labeled H4 was kept at a constant concentration of 5 nM. The change in the thermophoretic signal of H4 suggested a Kd of 4.261.7 nM (n=3) for TLR2 ( Figure 9A ) and 6.063.7 nM (n=3) for TLR4/MD2 ( Figure  9C ). In contrast, thermophoresis of NT-647 fluorescencelabeled albumin (5 nM, negative control) tested for its binding to TLR2 ( Figure 9B ) and TLR4/MD2 ( Figure 9D ) in the same experimental setting, showed no dependence on TLR2 or TLR4/MD2 concentration. So these results show that H4 induces proinflammatory cytokines by directly interacting with TLR2 and TLR4. To further validate our results in vivo, we injected H4 protein, 20 mg/kg, intravenously into wildtype and TLR2/TLR4 double-knockout mice and measured cytokine production in the plasma after 6 hours. H4-induced IL-6 and TNF production observed in wild-type mice was abrogated with TLR2/ TLR4 deficiency ( Figure 9E ). None of these mice displayed a renal phenotype in terms of elevated serum creatinine levels, tubular damage, or renal neutrophil infiltration (data not shown). These results show that histone H4 activates TLR2 and TLR4 to induce cytokine production in mice.
DISCUSSION
Histones wind up DNA and regulate gene transcription inside the nucleus, but in the extracellular space histones elicit toxic and proinflammatory effects. 17 Hence, we had hypothesized that histone release from damaged tubular epithelial cells would promote renal inflammation in a DAMP-like fashion, implicating an interaction with distinct pattern recognition receptors. Our studies confirm this concept and identify TLR2 and TLR4 to translate histone recognition into cytokine secretion in a MyD88-dependent manner.
Acute tubular necrosis implies the release of intracellular molecules into the extracellular space. This has also been documented for nuclear particles, such as the nucleoprotein HMGB1, 14, 25 and our in vitro studies demonstrate histone release from dying tubular cells, (such as occurs with exposure to oxidative stress). Elegant studies have found that HMGB1 acts as a DAMP in sterile renal inflammation by inducing renal ischemia-reperfusion injury in mice treated with Hmgb1-blocking antibodies. 9 We used the same experimental strategy by applying specific histoneneutralizing antibodies that block histones in extracellular compartments in vivo as well as in vitro. Antihistone antibodies have already been used to effectively deplete extracellular histones in several in vivo studies, which, for example, protected from fatal endotoxinemia or toxic liver injury. 18, 26 The effects of this antibody could relate to its specific binding properties to histones compared with the effects of control IgG. As a second experimental strategy we predigested histones with activated protein C before applying them in vivo, before intraarterial or intrascrotal injection, which again confirmed their specific proinflammatory effects. Therefore, our in vivo findings document that extracellular histones contribute to septic or postischemic renal inflammation and AKI, as defined by intrarenal cytokine expression, the induction of Kim-1, neutrophil recruitment, tubular necrosis, and rise in plasma BUN or serum creatinine.
It is likely that neutrophils infiltrating the postischemic kidney also release histones because the release of the bactericidal chromatin is an effector element of neutrophil-mediated host defense (i.e., NET formation). 16 The significance of neutrophilderived NETs has already been documented for renal vasculitis and lupus nephritis. 21, 27 Although the effect of anti-H4 antibody treatment could relate to systemic immunosuppressive effects in the septic AKI model, our studies using the renal artery clamping model as well as histone injection into only one renal artery definitely prove the direct toxic and proinflammatory effect of histones on renal cells. These data are in line with the reported in vivo toxicity of intravenously injected histones on the pulmonary microvasculature and in vitro on HUVECs. 18 Therefore, we assume that the toxic effects of histones on tubular epithelial and glomerular endothelial cell viability also apply to peritubular endothelial cells, which were not available for in vitro studies. LPS priming was required for severe tissue damage, probably because LPS induced TLR2 and TLR4 inside the kidney, consistent with previous reports on endothelial and tubular epithelial cells. [28] [29] [30] In fact, lack of TLR2/4 partially prevented renal necrosis after histone injection. We admit that histones were injected at high concentrations in these experiments, which may not mimic the physiologic situation. However, for the in vivo microscopy studies a much lower histone concentration was topically applied without LPS priming; these injections still increased endothelial cell activation, leukocyte recruitment, and vascular permeability, all features of septic and postischemic AKI. 1, 31 Several pattern recognition receptors have been proposed to mediate the proinflammatory effects of extracellular histones. 20, 26 Huang and colleagues' finding that TLR9 should account for histone recognition was surprising because TLR9 is a DNA receptor and TLR9 activation by such proteins as hemozoin or plasmodium histones was recently documented to relate to DNA contaminants. 25, 32 Our in vitro studies clearly document that TLR2 and TLR4 are both required for histone-induced cytokine secretion. Genetic ablation of TLR2 or TLR4 alone did not abrogate IL-6 and TNF production. This observation argues against any significant LPS or bacterial lipoprotein contamination of the histone preparation because these would have been TLR2 or TLR4 dependent. Additional control experiments with deoxyribonuclease, ribonuclease, and proteinase K treatment show that the immunostimulatory effect of histone H4 refers to its protein content. In addition, anti-H4 antibodies significantly blocked H4-induced TNF and IL-6 production, which further excludes contamination of other TLR agonists. H4 induced p38 phosphorylation in 10 minutes and IkB-a degradation in 40 minutes; these results show that the activation was a primary effect of H4. TLR2/TLR4 dual-receptor binding with a Kd of 4.261.7 nM and 6.063.7 nM is remarkable but consistent with data for other endogenous DAMPs, such as HMGB1 or biglycan. 32, 33 Obviously, TLR2-TLR4 cooperation supports the recognition of these endogenous proteins and activates the MyD88 signaling pathway. MyD88 signaling finally activates NF-kB-dependent cytokines such as IL-6 or TNF. Theoretically, it could be possible that other TLRs or RAGE also contribute to histone recognition in a similar manner, which could not be detected in single knockout cells.
Myd88-deficient mice lack postischemic renal sterile inflammation, 6-8 a phenomenon that can now be explained by lack of immune recognition of histones or HMGB1, 9 and potentially other DAMPs that remain to be identified. Other studies have already documented that deletion of TLR2 or TLR4 is sufficient to significantly reduce postischemic kidney injury. [6] [7] [8] These data suggest that histone recognition is not the predominant element of intrarenal danger signaling in the postischemic kidney. TLR2 and TLR4 are both expressed on intrarenal immune cells as well as on renal parenchymal cells. [6] [7] [8] 28, 29 Studies with TLR2/TLR4 bone marrow chimeric mice revealed that postischemic danger signaling via TLR2/TLR4 dominates in renal parenchymal cells. 6, 8 The fact that histone neutralization protected distal but not proximal tubular epithelial cells in the postischemic kidney should relate to the fact that only distal tubular cells upregulate TLR2 and TLR4 in the postischemic kidney. 30 Furthermore, we have recently shown that postischemic cytokine induction in intrarenal dendritic cells is suppressed by the constitutively expressed single immunoglobulin IL-1-related receptor as well as the induction of IFNrelated factor-4, two inhibitors of TLR signaling. [34] [35] [36] This study identifies extracellular histones as mediators of postischemic and septic AKI. Histones are released from dying tubular epithelial cells and act as DAMPs, which require TLR2 and TLR4 for the induction of proinflammatory cytokines. Thus, renal cell injury triggers renal inflammation because the innate immune system translates the recognition of dead cell releases, such as histones, into inflammation via the same receptors that recognize bacterial factors during infection. Histone neutralization might be a novel option to suppress immunopathology after tissue damage.
CONCISE METHODS

Animal Studies
C57BL/6J mice, 6-12 weeks old, genetically deficient (.F6) in Tlr1, 37 Tlr2, 22 Tlr4, 22 Cd14, 38 Tlr6, 37 Rage, 39 Myd88, 40 or Trif 41 have been described. Tlr2-and Tlr4-deficient mice were crossed to produce Tlr2/4 double-deficient mice. The respective genotype was assured by PCR from tail-tip DNA. Histones were injected (10 mg/kg body weight) into the left renal artery 12 hours after a single injection of LPS, 1 mg/kg (Sigma-Aldrich, Steinheim, Germany), at a total volume of 200 ml, as described elsewhere. 19 In one experiment, the histones were predigested with 500 nM activated protein C (SigmaAldrich). Both kidneys were harvested 24 hours later. Septic kidney injury was induced by injection with antihistone IgG, 20 mg/kg, or control IgG 2 hours before LPS injection (10 mg/kg intraperitoneally). Renal ischemia-reperfusion injury was induced under general anesthesia as described elsewhere. 36 In brief, both renal pedicles were clamped for 30 minutes with microaneurysm clamps (Medicon, Tuttlingen, Germany) via 1-cm flank incisions. Body temperature was continuously measured with a rectal probe and maintained at 36-37°C throughout the procedure by placing the mice on a heating pad. After clamp removal, the kidney was inspected for restoration of blood flow before the wound was closed with standard sutures. Immediately after surgery or 2 hours after LPS injection, mice were intraperitoneally injected with anti-histone antibody BWA3, 20 mg/ kg, 18 or control IgG (Abcam, Cambridge, United Kingdom). Mice were euthanized 24 hours after reperfusion or 12 hours after LPS injection, and pieces from kidneys were harvested for further processing. All experiments were performed according to German animal protection laws and had been approved by the local government authorities.
Assessment of Kidney Inflammation and Injury
Kidneys were embedded in paraffin, and 2-mm sections were used for periodic acid-Schiff stains and immunostaining as described elsewhere. 42 Postischemic tubular injury was scored by assessing the percentage of tubules in the corticomedullary junction that displayed tubular cell flattening, cell necrosis, loss of brush border, and luminal cast formation, as follows: 0, none; 1, #10%; 2, 11%-25%; 3, 26%-45%; 4, 46%-75%; and 5, .76%. Septic tubular injury was scored in a same way, but ballooning and vacuolization of tubular cells were also considered as tubular damage markers. 43 For histochemistry we used biotinylated Lotus tetragonolobus lectin stain (Vector Labs, CA), Tamm-Horsfall protein stain (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), rat antimouse neutrophils (Serotec, Oxford, United Kingdom), and the TUNEL kit (Roche, Mannheim, Germany) to quantify apoptotic cells. To count interstitial cells, 10 cortical high-power fields (4003) were analyzed. 44 BUN and creatinine were measured using urea or creatinine FS kits (DiaSys Diagnostic Systems, Holzheim, Germany) according to the manufacturer's protocols.
In vitro Studies
Mouse renal endothelial cells were generated as recently described elsewhere. 45 Their proliferation was determined after 24 hours using CellTiter 96 Cell Proliferation Assay (Promega, Madison, WI) reading absorbance at 492 nm. BMDCs were generated by established protocols as described elsewhere. 46 Necrotic cell supernatants were prepared from mouse tubular cells by repeated freezing and thawing or hydrogen peroxide (H 2 O 2 ; 1mM) treatment for 24 hours. RPMI 1640 GlutaMAX-I medium (Invitrogen, Carlsbad, CA) was supplemented with 10% (vol/vol) FBS (Biochrom AG, Berlin, Germany), 1% of penicillin and streptomycin (PAA Laboratories GmbH, Pasching, Austria). OptiMEM reduced-serum medium was from Invitrogen. We purchased ATP; ultrapure LPS (from Escherichia coli strain K12); pI:C RNA; Pam3Cys; CpG (InvivoGen, San Diego, CA); poly(dA-dT)cpoly(dT-dA) sodium salt; crude LPS (E. coli serotype 0111:B4); N-acetyl-L-cysteine (SigmaAldrich, St. Louis, MO); cytochalasin D; latrunculin B (Enzo Lifesciences GmbH, Lörrach, Germany); ammonium pyrrolidine dithiocarbamate (Alexis, Lörrach, Germany); chloroquine; camptothecin (SigmaAldrich); CA-074-Me (Calbiochem, Darmstadt, Germany); calf thymus-derived total histones ( 1 H and H3; Roche Diagnostics GmbH, Mannheim, Germany); human recombinant H4, H2A, and H2B (Millipore, Billerica, MA); and control mouse IgG (Abcam PLC, Cambridge, United Kingdom). We generated mouse antibodies to H4 (BWA3) from autoimmune mice as described elsewhere. 47 All cells were stimulated in serum free RPMI 1640 medium (Invitrogen) at a density of 1310 6 cells/ ml. Cells were stimulated for 6 hours with total histones (50 mg/ml); 1 H, H2A, H2B, H3, and H4 (30 mg/m); LPS (1 mg/ml); pI:C RNA (5 mg/ml); Pam3Cys (1 mg/ml); and poly (dA:dT) (5 mg/ml) transfected with Lipofectamine 2000 according to the manufacturer's protocol (Invitrogen). Latrunculin B (3 mM), cytochalasin D (5 mM), chloroquine (5 mg/ml), cathepsin B inhibitor CA-074-Me (10 mM), and N-acetyl-L-cysteine (50 mM) were added before 30 minutes of stimulation. Cell culture supernatants were analyzed for IL-6 and TNF cytokine secretion by ELISA according to the manufacturer's instructions (BD Pharmingen, San Diego, CA).
Flow Cytometry
Flow cytometric analyses of endothelial cells were performed on an FACS Calibur flow cytometer (BD Biosciences) as described elsewhere. 48 Cells were stimulated with CpG, camptothecin, or histones for 3, 6, or 24 hours, respectively. Supernatants were used for analysis because dead cells dissolved from the plate membrane and moved into fluid media. Every supernatant was counted for their cell amounts, then washed with PBS and incubated with binding buffer containing FITC-anti-annexin V (BD, Franklin Lakes, NJ) or propidium iodide (BD Biosciences) for 15 minutes at room temperature.
RNA Preparation and Real-Time RT-PCR
Reverse transcription and real-time PCR from total renal RNA was prepared as described elsewhere. 36 SYBR Green Dye detection system was used for quantitative real-time PCR on Light Cycler 480 (Roche, Mannheim, Germany). Gene-specific primers (300 nM; Metabion, Martinsried, Germany) were used as listed in Table 1 . Controls consisting of ddH 2 O were negative for target and housekeeper genes.
Western Blotting
Precipitated media supernatants or cell extracts were analyzed by standard immunoblot technique as described elsewhere. 46 Anti-IkB-a, anti-phospho p38, antitotal p38, and anti-histone H4 antibodies were from Cell Signaling Technology (Danvers, MA).
Histone 4-TLR2/TLR4 Binding Assay Using Microscale Thermophoresis
Protein-protein interactions of histone H4 with recombinant human TLR2 or human TLR4/MD2 complex (both from R&D Systems) were The concentration of NT-647 fluorescence-labeled H4 was kept constant (5 nM). The TLRs were incubated with H4 for 30 minutes in the dark to enable binding. The reaction was then aspirated into glass capillaries and sealed with wax, and the thermophoretic movement of labeled H4 was monitored with a laser on for 30 seconds and off for 5 seconds at a laser voltage of 60%. To demonstrate that the changed thermophoresis of H4 was actually due to its interaction with TLR2 or TLR4/MD2, NT-647 fluorescencelabeled albumin (5 nM, Thermo Fisher Scientific) was tested for its binding to TLR2 and TLR4 in the same experimental setting as negative controls. Fluorescence was measured before laser heating (F initial) and after 30 seconds of laser on time (F hot). The normalized fluorescence F norm = F hot/F initial reflected the concentration ratio of labeled molecules. F norm was plotted directly and multiplied by a factor of 10, yielding a relative change in fluorescence per milliliter. Kd was calculated from three independent thermophoresis measurements using NanoTemper Software (NanoTemper Technologies).
In Vivo Microscopy on Mouse Cremaster Muscles
The surgical procedure and the technical setup for in vivo microscopy and dextran permeability of the cremaster muscle have been described elsewhere. 50 After 6 hours of intrascrotal stimulation with histones (500 mg), in vivo microscopy was performed. For the quantitative analysis of the leukocyte migration measures, CapImage software (Dr. Zeintl, Heidelberg, Germany) was used. Firmly adherent cells were determined as those resting in the associated blood flow for more than 30 seconds and related to the luminal surface per 100-mm vessel length. Transmigrated cells were counted in regions of interest covering 75 mm on both sides of a vessel over 100 mm of vessel length. For measurement of centerline blood flow velocity, green fluorescent microspheres (2-mm diameter; Molecular Probes, Leiden, the Netherlands) were injected via an arterial catheter, and their passage through the vessels of interest was recorded using the FITC filter cube under appropriate stroboscopic illumination (exposure 1 millisecond, cycle time 10 millisecond, l = 488 nm). From measured vessel diameters and centerline blood flow velocity, apparent wall shear stress was calculated, assuming a parabolic flow velocity profile over the vessel cross section. 51 As a measure of microvascular permeability, five postcapillary vessel segments as well as the surrounding perivascular tissue were excited at 488 nm, and emission .515 nm was recorded by a CCD camera (Sensicam, PCO, Kelheim, Germany) 30 minutes after injection of FITC-dextran (Sigma Aldrich) using an appropriate emission filter (LP 515). Mean gray values of fluorescence intensity were measured by digital image analysis (TILLvisION 4.0, TILL Photonics) in six randomly selected regions of interest (50350 mm 2 ), localized approximately 50 mm distant from the venule under investigation. Phenotyping of transmigrated leukocytes was performed on paraffin-embedded tissue sections immunostained with rat-anti-mouse CD45, Ly6G, or F4/80 mAb (Serotec, Oxford, United Kingdom) and counterstained with Mayer's hemalaun. 52 
Statistical Analyses
Data were expressed as mean 6 SD. Comparison between two groups was performed by two-tailed t test. A P value , 0.05 was considered to represent a statistically significant difference. All statistical analyses were calculated using Graph Pad Prism (GraphPad Software, Inc., La Jolla, CA).
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